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1. Introduction
The emergent field of quantum technology holds promise
of a revolution in the way information is processed, communicated and stored. In particular, photonic states and
devices are currently viewed as the most promising candidates to transport and manipulate quantum information.
The ability to reliably generate and manipulate states of
light with nonclassical features is thus one of the keys towards the successful implementation of these future technologies. The interaction of laser light with nonlinear crystals, and the subsequent parametric generation of pairs
of photons characterized by a common, non-factorizable
wavefunction, is at the basis of most of the currently proposed schemes for quantum computation and communication.
While discrete variable systems were initially considered for the theoretical and experimental investigations of
such protocols, the use of infinite-dimensionality, or continuous variable (CV), systems has lately been considered
∗

as a very natural and rich extension [1]. Although Gaussian CV states are in principle sufficient for a wide range of
proposed protocol implementations, some more elaborate
schemes require the use of non-Gaussian resources. In particular, non-Gaussian states and operations are now viewed
as a fundamental requirement for CV quantum technologies because, besides enhancing some existing protocols
[2–5], they are also able to perform important communication and computation tasks (like entanglement distillation)
which are impossible with Gaussian states and operations
only [6,7].
However, the generation of non-Gaussian states and
the implementation of non-Gaussian operations for CV
protocols have been limited to very few cases, so far.
Only recently, some nonclassical non-Gaussian states and
de-Gaussification procedures have become experimentally
accessible [8–12], but these laboratory realizations have
not kept the pace of the huge and increasing number of
theoretical proposals.
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Figure 1 (online color at www.lphys.org) Experimental scheme
for the generation of photon-added thermal states. HR (HT) is a
high reflectivity (transmittivity) beam splitter; SPCM is a singlephoton-counting module; all other symbols are defined in the text

At the same time, the definition and the measurement
of the nonclassicality of a quantum light state is a hot and
widely discussed topic in the physics community; in particular, it is still an open and important question which
is the best universal way to experimentally characterize
the nonclassicality of a quantum state. Although the general definition relies on the singularity or negativity of
the Glauber-Sudarshan P function [13, 14], it is in general impossible to retrieve it from any observable quantity. Several alternative nonclassicality criteria have been
introduced in recent years but their relative strength and
effectiveness has been never compared on the basis of real
experimental data. A conceptually simple way to generate
a non-Gaussian quantum light state with a varying degree
of nonclassicality consists in adding a single photon to any
completely classical one. On the other hand, single-photon
subtraction produces a nonclassical state only when starting from an already nonclassical one [8, 15], but is however
able to de-Gaussify classical Gaussian states.
Here we report the generation and the tomographic
analysis of novel quantum states of light by the controlled
addition or subtraction of single photons to/from completely classical and fully incoherent thermal light states.
Conditional parametric amplification in a nonlinear crystal
is used for single-photon excitation of the thermal states.
On the other hand, conditional attenuation by a hightransmissivity beam-splitter is employed for photon sub-
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Figure 2 (online color at www.lphys.org) Experimental scheme
for the generation of photon-subtracted thermal states. See text
for details

traction. By doing so, we are experimentally implementing the photon creation and annihilation operators â† and
â, and this may constitute a first step towards the full quantum control of a light state. The resulting states are fully
analyzed by means of ultrafast pulsed homodyne detection and quantum tomography to investigate their nonGaussian and nonclassical character. Several criteria are
employed to test and quantify nonclassicality of photonadded thermal states, while the peculiar features concerning the mean photon number of photon-subtracted thermal
states are clearly brought to evidence.

2. Experimental setup
A mode-locked Ti:Sa laser emitting 1.5 ps pulses with a
repetition rate of 82 MHz is the main source for the experiment. The pseudo-thermal light source is obtained by
inserting a rotating ground glass disk (RD) in a portion
of the laser beam (see Fig. 1 and Fig. 2). By coupling a
fraction (much smaller than the typical speckle size) of the
randomly scattered light into a single-mode fiber, at the
output we obtain a clean spatial mode with random amplitude and phase yielding the photon distribution typical of a
thermal source [16]. The mean number of photons for the
thermal state n̄ is varied by a controlled attenuation (VF)
of the laser beam impinging the rotating round glass disk.

2.1. Single photon addition
The laser pulse train is frequency-doubled to 393 nm
by second harmonic generation in a LBO crystal. The
spatially-cleaned UV beam then serves as a pump for a
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type-I BBO crystal which generates spontaneous parametric down-conversion (SPDC) at the same wavelength of
the laser source. Pairs of SPDC photons are emitted in two
distinct spatial channels called signal and idler. Along the
idler channel the photons are strongly filtered in the spectral and spatial domain by means of etalon cavities and
by a single-mode fiber (F) which is directly connected to
a single-photon-counting module (see Fig. 1); indeed the
remotely-prepared signal state will only approach a pure
state if the filter transmission function is much narrower
than the momentum and spectral widths of the pump beam
generating the SPDC pair (further details are given in [17,
18]).
Whenever a single photon is detected in the idler channel, an homodyne measurement is performed on the correlated spatiotemporal mode of the signal channel. When
no seed field is injected in the SPDC crystal, conditional
single-photon Fock states are generated from spontaneous
emission in the signal channel [19, 17]. By injecting a thermal state into the SPDC input signal mode, an idler trigger event conditions the stimulated production of a singlephoton-excited thermal state in the output signal mode, as
recently demonstrated by our group also in the case of a
coherent state seed [9, 18].

2.2. Single photon subtraction
Photon subtraction by the operator â is simply implemented by blocking the SPDC pump and inserting a hightransmissivity BS (formed by a combination of half-wave
plate (λ/2) and polarizing beam splitter (PBS)) in the path
of the signal mode containing the thermal state (see Fig. 2).
In this case the trigger signal for homodyne measurements
is obtained from a click in the on/off detector placed in the
path of the reflected photons [8], provided that great care
is used to make sure that photons are subtracted from exactly the same spatiotemporal mode as the one defined by
the local oscillator.

operator value) on a digital scope. In order to decrease the
effect of the dark counts in the single-photon trigger detector, a strict coincidence with the signal coming from the
laser pulse train is used as the trigger for the acquisition
of the homodyne signal. Although this slightly reduces the
trigger count rate, it is effective in increasing the ratio of
“true” to “false” trigger events to more than 99%. Being
the studied fields completely phase invariant, we choose
to acquire a total of about 105 quadrature measurements
for each investigated state while leaving the LO phase unlocked.

3. Data analysis and discussion
If the parametric gain of the SPDC crystal and the reflectivity of the subtracting BS are low enough, the two above
operations are a good approximation of the ideal processes
of photon addition and subtraction by the operators â† and
â acting on the signal mode. Both conditions are well satisfied in our experiment (with a BS reflectivity of about
1% and a parametric gain of 0.01) and we can thus use a
simple description of the final states as:
n
∞ 

n̄
1
ρ̂add ∝ â†s ρ̂âs =
n|nn| ,
n̄(n̄ + 1) n=0 1 + n̄
ρ̂sub ∝

âs ρ̂â†s

n
∞ 

n̄
1
=
(1 + n)|nn| ,
(n̄ + 1)2 n=0 1 + n̄

where ρ̂ is the density matrix of the initial thermal state
with n̄ corresponding to its mean number of photons. It is
evident that the initial thermal distributions are modulated
by these operations and, in the case of photon addition, the
completely classical and incoherent initial state is transformed into a purely quantum state as clearly testified by
the lack of the vacuum contribution [22].

3.1. Quantum state reconstruction
2.3. Pulsed homodyne detection
The signal field is mixed with a strong local oscillator (LO,
an attenuated portion of the main laser source) on a 50%
beam-splitter (BS-H) (see Fig. 1 and Fig. 2). The pulses
at the BS outputs are detected by two photodiodes (Hamamatsu S3883, with active area 1.7 mm2 ) connected to the
positive and negative inputs of a wide-bandwidth amplifier which provides the difference (homodyne) signal between the two photocurrents on a pulse-to-pulse basis [20,
21]. The detector shows a linear response up to LO powers
of about 9 mW, and with a signal-to-noise ratio of about
12 dB when the device is operated at the optimum LO
power of 8 mW. Whenever a trigger pulse is received, an
homodyne measurement is performed on the selected spatiotemporal mode of the signal channel by storing the corresponding electrical signal (proportional to the quadrature
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We have performed the reconstruction of the diagonal
density matrix elements using the maximum likelihood
estimation [23]. This method gives the density matrix
that most likely represents the measured homodyne data.
Firstly, we build the likelihood function contracted for a
density matrix truncated to 15 diagonal elements (with the
constraints of Hermiticity, positivity, and normalization),
then the function is maximized by an iterative procedure
[24,25] and the errors on the reconstructed density matrix
elements are evaluated using the Fisher information [25].
Note that no correction for the finite detection efficiency is
introduced in the reconstruction procedure. Finally we use
the retrieved density matrix elements for a straightforward
calculation of the corresponding Wigner functions [18].
Although the finite experimental efficiency in the preparation and detection of the states results in a mixture with
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Figure 3 (online color at www.lphys.org) Experimentally reconstructed diagonal density matrix elements (photon number probabilities) and Wigner functions for (a) thermal state, (b) photonadded, and (c) photon-subtracted thermal states

vacuum which smoothens the distributions, the nonclassicality of the photon-added state is apparent from the negativity of its Wigner function, while the de-Gaussification
of the photon-subtracted state is also clearly observable as
a flattening of its top portion (see Fig. 3).

3.2. Nonclassicality criteria
The photon-added thermal state is expected to show a nonclassical character independent of the mean number of
photons in the seed thermal state. In the case of finite efficiency, the expression for the Wigner function results:
Wη (α) =

(1)


2 1+2η[n̄ + 2(1+ n̄)|α|2 −2n̄η−1]
−2|α|2
,
=
exp
π
(1 + 2n̄η)3
1 + 2n̄η

where α = x + iy and the nonclassical features of the
state are clearly seen to get weaker for large n̄, as the limited efficiency (η < 1) has the effect of progressively hiding them among unwanted vacuum components. Indeed,
the measured negativity of the Wigner function at the origin rapidly gets smaller as the mean photon number of
the input thermal state is increased. With the current level
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of efficiency and reconstruction accuracy we are able to
prove the nonclassicality of all the generated states up to
n̄ = 1.15. It should be noted that, even for a single-photon
Fock state, the Wigner function loses its negativity for efficiencies lower than 50%, so that surpassing this experimental threshold is an essential requisite in order to use
this nonclassicality criterion.
The nonclassical character of the measured photonadded thermal states can be verified also using different criteria. The first one has been recently proposed by
Richter and Vogel [26] and is based on the characteristic function G(k, θ) = exp[ikx̂(θ)] of the quadratures
(i.e., the Fourier transform of the quadrature distribution),
where x̂(θ) = [â exp(−iθ) + â† exp(iθ)]/2 is the phasedependent quadrature operator. At the first-order, the criterion defines a phase-independent state as nonclassical if
there is a value of k such that the state characteristic function is larger than the vacuum one. In other words, the evidence of structures narrower than those associated to vacuum in the quadrature distribution is a sufficient condition
to define a nonclassical state [27]. This is just a sufficient
condition and it has to be extended in the case of particular quantum states. However, as higher orders are investigated, the increasing sensitivity to experimental and statistical noise may soon become unmanageable. We found
that the first-order criterion only works for the two lowest values of n̄ and that the extension to the second order,
just barely shows nonclassicality at large values of k for n̄
up to 0.53. At higher equivalent temperatures, no sign of
nonclassical behavior is experimentally evident with this
approach, although the Wigner function of the corresponding states still clearly exhibits a measurable negativity.
The tomographic reconstruction of the state can also
be exploited to test alternative criteria: for example
by reconstructing the photon-number distribution ρn =
n|ρ̂meas |n and then looking for strong modulations in
neighboring photon probabilities by the following relationship [28,29]
B(n) ≡ (n + 2)ρn ρn+2 − (n + 1)ρ2n+1 < 0 ,

(2)

introduced by Klyshko in 1996, which is known to hold
for nonclassical states. In the ideal situation of unit efficiency single-photon-added thermal states should always
give B(0) < 0 due to the absence of the vacuum term
ρ0 , in agreement with [22]. In this case, differently from
the Wigner function approach, the nonclassicality can be
proved even for experimental efficiencies much lower than
50%, as far as the mean photon number of the thermal state
is not too high (see Fig. 4b).
Finally, we evaluate the nonclassicality of the states by
quantifying their entanglement potential (EP) as recently
proposed by Asboth et al. [30]. This measurement is based
on the fact that, when a nonclassical state is mixed with
vacuum on a 50-50 beam splitter, some amount of entanglement (depending on the nonclassicality of the input
state) appears between the BS outputs. No entanglement
can be produced by a classical initial state. For a given
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Figure 4 Calculated regions of nonclassical behavior of single-photon-added thermal states as a function of n̄ and η according to: (a)
the negativity of the Wigner function at the origin W (0); (b) the Klyshko criterion B(0); (c) the entanglement potential EP. White
areas indicate classical behavior; grey areas indicate where a potentially nonclassical character is not measurable due to experimental
reconstruction noise (estimated as the average error on the experimentally reconstructed parameters); black areas indicate regions where
the nonclassical character is measurable given the current statistical uncertainties. The white stripe area in each plot corresponds to the
range of parameters investigated in the present experiment

single-mode density operator, one can calculate the entanglement of the bipartite state at the BS outputs by computing its logarithmic negativity. The entanglement potential derived from the reconstructed density matrices of
the single-photon added thermal states is definitely greater
than zero for all the detected states, thus confirming that
they are indeed nonclassical, in agreement with the findings obtained by the measurement of B(0) and W (0).
We have calculated the indicators W (0), B(0), and EP
from a model state including the current experimental inefficiency. The results are shown in Fig. 4 together with
the range of parameters investigated here (denoted by the
white stripe): the contour plots define the regions of parameters where the detected state is classical (white areas),
where it would result nonclassical if the reconstruction errors coming from statistical noise could be neglected (grey
areas) and, finally, where it is definitely nonclassical even
with the current level of noise (black areas).
From such plots it is evident that all the three tomographic approaches to test nonclassicality are able to
experimentally prove it for all the generated states (i.e.,
single-photon-added thermal states with an average number of photons in the seed thermal state up to n̄ = 1.15) for
a global experimental efficiency of η = 0.62. However, as
already noted, the Wigner function negativity only works
for sufficiently high efficiencies, while both B(0) and EP
are able to detect nonclassical behavior even for η < 50%.
In particular, the entanglement potential is clearly seen to
be the most powerful criterion, at least for these particular states, and to allow for an experimental proof of nonclassicality for all combinations of n̄ and η, as long as
reconstruction errors can be neglected. Also considering
the current experimental parameters, EP should show the
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quantum character of single-photon-added thermal states
even for n̄ > 3, thus demonstrating its higher immunity to
noise [11].

3.3. Mean photon numbers
When applying the annihilation operator â to an arbitrary
light state, some counterintuitive effects can be obtained
in the mean number of photons of the output state. As already shown in the context of photodetection theory [31,
32], one can easily find that the average number of photons
in the “photon-subtracted” state, n̄sub , is related to the initial one, n̄ as:
n̄sub = n̄ − 1 + F ,

(3)

where F is the Fano factor of the initial state, simply
given by the ratio between the photon number variance
and the mean, which is greater, equal to, or less than unity
for Super-Poissonian, Poissonian, or Sub-Poissonian initial states, respectively. So, depending on the character of
the initial state, the mean photon number in the final state
can be less than, equal to, or even larger than before “photon subtraction”. Furthermore, unless the initial state is a
coherent one, the whole statistics of the field is changed
by this process. The reason
√ for this behavior stems from
the proportionality factor n appearing in the expression
for the action of the annihilation operator on a Fock state
|n which, besides shifting the photon distribution to the
left, favors the action of the operator upon the higher excited states, so that it may effectively increase the relative weight of higher-energy components in the final state.
Indeed, the successful event of particle subtraction by â
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preferentially selects the subset of states having a larger
probability of giving a particle away, i.e., those containing a larger number of photons. It should be stressed that
this is not a quantum effect, since a similar increase in the
mean photon number may also be expected in a classical
case if particle subtraction is performed in a probabilistic way. After subtracting a photon from a thermal field,
the average photon number grows from to n̄ to 2n̄. On the
other hand, the operation of photon addition increases the
mean photon number of the thermal field even further to
2n̄ + 1. Our experimental results, once corrected for the
limited detection efficiency, confirm such predictions: by
subtracting a photon from a thermal state with a mean photon number of 0.57, we obtain n̄sub ≈ 1.1, while adding a
photon to the same state results in n̄add ≈ 2.0 (see Fig. 3).

4. Conclusions
We have demonstrated the generation of novel light states
by adding and subtracting single photons to/from a completely classical thermal field. Then we have used quantum
homodyne tomography to completely characterize the resulting states. The single-photon added thermal states have
shown a continuously adjustable degree of quantumness
which makes them the ideal test bed for assessing the performances of current experimental approaches to quantify
nonclassicality. On the other hand, the subtraction of a single photon from a thermal state has resulted in its clear
de-Gaussification. Furthermore, the intriguing increase of
the mean photon number in a photon-subtracted state has
been observed and discussed. Finally, the successful experimental implementation of the basic quantum operators
of photon addition and subtraction and of their sequences
[12] may constitute a fundamental step in the realization
of a completely customizable quantum light state for future quantum technologies.
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